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The biologic effects of ultraviolet radiation such as
DNA damage, mutagenesis, cellular aging, and car-
cinogenesis are in part mediated by reactive oxygen
species. In unirradiated cells the major known
sources of reactive oxygen species are the mitochon-
drial respiratory chain and the membrane oxidases
functionally coupled to several membrane growth
factor receptors. There is evidence that mitochondria
also play a role in oxidative stress after ultraviolet
irradiation; however, it is unknown whether the bio-
chemical processes at the level of the plasma mem-
brane contribute to the regulation of reactive oxygen
species synthesis. In order to elucidate this issue we
examined here the importance of the microdomain
plasma membrane organization in the regulation of
oxidative stress in unirradiated and ultraviolet A
(340±400 nm) irradiated HaCaT keratinocytes.
Labeling of con¯uent HaCaT cultures with ¯uores-
cently tagged cholera toxin B subunit (FITC-CTx)
revealed the presence of GM1 ganglioside and chol-
esterol-rich microdomains (lipid rafts) that formed
junction-like structures in the membranes of adja-
cent cells and patchy microdomains elsewhere.
There was a marked heterogeneity in the level of
FITC-CTx labeling: there were groups of cells dem-
onstrating prominent labeling (FITC-CTxhigh)
whereas other cells were only weakly labeled (FITC-
CTxlow). When reactive oxygen species synthesis was
measured with the ¯uorescent probe carboxy-2¢,7¢-
dichlorodihydro¯uorescein diacetate, we found that
(i) the baseline and ultraviolet-A-induced reactive
oxygen species synthesis correlated with the magni-
tude of FITC-CTx labeling and was highest in the
FITC-CTxhigh cells; (ii) reactive oxygen species syn-
thesis was diminished in cells in which the integrity
of membrane domains was disrupted by cholesterol
sequestration with methyl-b-cyclodextrin and ®lipin,
or after treatment with GM1 ganglioside; (iii) react-
ive oxygen species synthesis in cholesterol-depleted
cells was fully restored after cholesterol repletion.
We conclude that the plasma membrane takes part
in the regulation of oxidative stress in keratinocytes
and disruption of its microdomain structure reduces
reactive oxygen species synthesis both at the baseline
and after ultraviolet A irradiation. We hypothesize
that lipid-raft-associated protein(s) may be involved
in the generation of reactive oxygen species and that
pharmacologic modulation of membrane structure
may provide a novel therapeutic approach relevant
for photoprotection and cutaneous carcinogenesis.
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I
rradiation of cells with ultraviolet (UV) radiation induces the
production of reactive oxygen species (ROS). In many
tissues, including the skin, ROS have been implicated as
mediators of apoptosis, cellular aging, and carcinogenesis
(Chen and Ames, 1994; Lu et al, 1997; Morita et al, 1997).
The central question is the molecular mechanism by which ROS
are synthesized in the cells. In unirradiated cells there is a steady-
state ROS synthesis, mostly due to an imperfect, one electron
reduction of oxygen to superoxide in the respiratory chain in
mitochondria (Chance et al, 1979; Nohl and Jordan, 1986;
Hansford et al, 1997). This process is augmented in mitochondria
that have lost their transmembrane potential DYm, e.g., during
early stages of apoptosis (Zamzami et al, 1995; Quillet-Mary et al,
1997). Some recent data indicate that events at the level of the
plasma membrane are also involved in ROS metabolism.
Activation of some tyrosine kinase receptors may result in
induction of ROS as second messenger. For example, hydrogen
peroxide is generated in response to the activation of epidermal
growth factor (EGF) receptor and platelet-derived growth factor
(PDGF) receptor and is dependent upon activation of phosphati-
dylinositol 3-kinase and the small G-protein Rac (Irani et al, 1997;
Bae et al, 1999, 2000).
The mechanism of ROS induction in response to UV irradiation
is less well understood. In contrast to early concepts regarding the
UV-dependent ROS synthesis as a passive photochemical reaction,
recent studies indicate that it is an actively regulated metabolic
process involving cytoplasmic and mitochondrial oxidases
(Hockberger et al, 1999; Zorov et al, 2000; Gniadecki et al,
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2001). In this study we asked whether the biochemical events at the
plasma membrane level are of importance by studying the
signi®cance of cholesterol-rich membrane rafts for ROS synthesis
in cultured keratinocytes. The rationale for this approach is based
on the fact that raft structures play a pivotal role in the regulation of
membrane signal transduction in eucaryotic cells.
Lipid rafts are focal assemblies of cholesterol and sphingolipids in
plasma membranes and demonstrate decreased ¯uidity in compari-
son to the lipids in the surrounding portions of the membrane
(Simons and Ikonen, 1997). The lipids composing raft micro-
domains are selectively enriched in sphingolipids with saturated
hydrocarbon chains that associate tightly with cholesterol to
produce a higher-order lipid structure than that achieved by the
nonraft unsaturated phospholipid±cholesterol aggregates (Sankaram
and Thompson, 1990). The presence of lipid rafts has been shown
in different cell types including lymphocytes (Janes et al, 1999),
basophils (Wilson et al, 2000), and various ®broblastoid and
leukemia cell lines (Stauffer and Meyer, 1997; Harder et al, 1998).
The main physiologic importance of lipid rafts is their key role in
the regulation of the chemical activity of cholesterol in the
membranes (Radhakrishnan and McConnell, 2000) and the partici-
pation in the processes of signal transduction in eucaryotic cells
(reviewed by Simons and Toomre, 2000). Cholesterol-rich raft
microdomains can include or exclude membrane proteins, probably
on the basis of the hydrophobic properties within the transmem-
brane domains (Scheiffele et al, 1997) or due to some post-
translational modi®cations such as palmitoylation (Melkonian et al,
1999). Some crucial signaling proteins such as T cell receptor
complex, FceRI, G-proteins, Src-like tyrosine kinases, Hedgehog,
EGF receptor, or Ras proteins have af®nity to rafts (Simons and
Toomre, 2000) and their association with rafts seems to be a
prerequisite for signal transduction. Convincing evidence support-
ing the importance of rafts for signal transduction has been generated
by showing that raft disruption in living cells in vivo inhibited cellular
signaling pathways. For example, FceRI, T cell receptor, or Ras
signaling could be abolished when surface cholesterol was depleted
with methyl-b-cyclodextrin but was restored after cholesterol
replenishment (Moran and Miceli, 1998; Xavier et al, 1998; Roy
et al, 1999). Moreover, activation of signal transduction by cross-
linking membrane receptors with appropriate ligands is associated
with aggregation of nanometer-sized rafts into microdomains several
microns in size (Stauffer and Meyer, 1997; Janes et al, 1999).
One of the best established methods to visualize raft aggregates in
cells in situ is tagging of ganglioside GM1 with ¯uorescently labeled
cholera toxin B (FITC-CTx) (Fra et al, 1994; Harder et al, 1998;
Janes et al, 1999). Ganglioside GM1 is exclusively found in rafts and
may therefore be considered as a raft marker (Harder et al, 1998;
Radhakrishnan et al, 2000). In the experiments described in this
paper we employed the FITC-CTx staining method to follow the
emergence of lipid raft aggregates in the cultured keratinocyte cell
line HaCaT and examined the involvement of rafts in the processes
of generation of ROS.
MATERIALS AND METHODS
Cell culture HaCaT keratinocyte cells (Boukamp et al, 1988) were
seeded at 7 3 103 cells per cm2 and cultured in Dulbecco's minimal
essential medium (DMEM, Gibco, Rockville, MD) with 10% (vol/vol)
heat-inactivated fetal bovine serum (Gibco) at 37°C in an atmosphere of
100% humidity and 5% CO2. For the experiments we included the cells
from 24 h cultures (noncon¯uent, single attached cells) or from 1-wk-
old cultures (95%±100% con¯uent). Cell viability was monitored using
the Trypan Blue exclusion assay and in each experiment exceeded 95%.
UVA irradiation The UVA source consisted of an array of three
Philips TL 10R tubes (Philips, Eindhoven, The Netherlands) that emits
UVA1 radiation (341±400 nm, peak 367 nm) at an intensity of 3.7 mW
per cm2. The emitted intensities were measured using an International
Light 1700 research radiometer with a SED 400 detector as described
previously (Gniadecki et al, 2001). Before irradiation the media were
changed into phosphate-buffered saline (PBS) and the cells were
irradiated from above. To prevent overheating of the media during
irradiation the culture vessels rested on a 5 mm thick plastic plate placed
on an ice-water slurry. The control cells were handled as the
experimental cells but were shielded from UVA with a piece of
aluminum foil.
Determination of ROS synthesis Intracellular levels of ROS were
measured with a semiquantitative assay using carboxy-2¢,7¢-
dichlorodihydro¯uorescein diacetate (carboxy-H2DCFDA, Molecular
Probes, Eugene, OR), essentially as described in the previous work from
this laboratory (Gniadecki et al, 2001). After entering the cell the
esterases hydrolyze the compound into a non¯uorescent intermediate
carboxy-2¢,7¢-dichlorodihydro¯uorescein, which is retained inside the
cell due to the large negative charge of the molecule. Oxidation by
ROS causes a further conversion into ¯uorescent carboxy-2¢,7¢-
dichloro¯uorescein (carboxy-DCF). The cells were loaded with 10 mM
carboxy-H2DCFDA in PBS for 30 min at 37°C. Cells were ®xed in 2%
ice-cold buffered paraformaldehyde for 10 min. The carboxy-DCF
¯uorescence was measured with laser scanning cytometry or confocal
microscopy, as described below. For control experiments we replaced
carboxy-H2DCFDA with an oxidized ¯uorescent probe carboxy-2¢,7¢-
dichloro¯uorescein diacetate (Molecular Probes) to eliminate the
possibility that any observed differences in ¯uorescence are caused by
alterations in esterase activity or ef¯ux of the probe from the cells.
Moreover, to eliminate the possibility that observed changes in carboxy-
DCF ¯uorescence are caused by a direct photochemical reaction initiated
by UVA, the solutions of carboxy-H2DCFDA and carboxy-2¢,7¢-
dichlorodihydro¯uorescein intermediate (Molecular Probes) were
prepared in PBS and 20 ml of each solution was loaded into a
10 mm 3 7 mm (width 3 length) chamber created between the
coverslip attached to the microscope slide by double adhesive 3M tape.
The same chamber was used for laser scanning cytometry of the cells (see
below and Clatch et al, 1998; Gniadecki et al, 2001). The chambers were
irradiated from above with different doses of UVA1 in the same
conditions as used in the case of the cells. In a preliminary experiment it
was determined that the attenuation of UVA1 radiation intensity by the
coverslip was negligible. The carboxy-DCF ¯uorescence was determined
by confocal laser scanning microscopy, as detailed below.
Cholesterol depletion and repletion A stock solution of 10%
methyl-b-cyclodextrin (Sigma, St. Loius, MO) was prepared in PBS.
Cholesterol/methyl-b-cyclodextrin stock was obtained by dissolving
20 mg per ml water-soluble cholesterol (Sigma) in PBS and further
diluting 3 50 in 10% methyl-b-cyclodextrin. Cells were washed twice
with PBS and cholesterol was depleted and repleted using the slightly
modi®ed procedure described by Furuchi and Anderson (1998) and Roy
et al (1999). Brie¯y, the media were changed to DMEM and the cells
were incubated with different concentrations of methyl-b-cyclodextrin
for 30 min at 37°C and washed twice in PBS. Cholesterol repletion was
achieved by incubation with ®nal 80 mg per ml cholesterol and 0.2%
methyl-b-cyclodextrin for 30 min at 37°C.
Incubation with ®lipin and GM1 ganglioside Stock solutions of
®lipin (Sigma) and puri®ed bovine brain GM1 ganglioside (supplied by
Professor Barbara Gajkowska, Laboratory of Cell Ultrastructure, Polish
Academy of Sciences, Warsaw, Poland) were prepared in PBS. The cells
were incubated with ®nal 10 mg per ml ®lipin or 50 mM GM1
ganglioside in PBS for 30 min at 37°C.
FITC-CTx staining The cells were ®xed with 2% ice-cold buffered
paraformaldehyde for 10 min at 4°C followed by cell permeabilization in
methanol at ±20°C for 5 min (Osborn et al, 1988), or left un®xed, as
indicated. The intensity of subsequent staining deteriorated slightly after
the paraformaldehyde/methanol technique. FITC-CTx (Sigma) was
dissolved in PBS with 5% bovine serum albumin (8 mg protein per ml)
and the cells were incubated at 37°C for 30 min with occasional gentle
rocking, essentially as described by Harder et al (1998). Before
¯uorescence microscopy the cells were washed twice with PBS. The
images were obtained with an epi¯uorescence or confocal laser scanning
inverted microscope, as described below.
Laser scanning cytometry The principle of laser scanning cytometry
is similar to that of ¯ow cytometry and its use for the measurements of
carboxy-DCF ¯uorescence has been extensively described before
(Gniadecki et al, 2001, and references therein). Brie¯y, suspension of
HaCaT cells was coverslipped in the chamber slides (Clatch et al, 1998)
and the cells were scanned in a laser scanning cytometry scanner
(CompuCyte, Campridge, MA) using the 488 nm argon laser line as an
excitation source. Fluorescence was gathered through a green
530 6 30 nm ®lter. The objects corresponding to single cells were
contoured using forward scatter, and integral green ¯uorescence (the sum
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of values of all pixels within the contour) was measured and shown as
histograms using the proprietary Wincyte software. The scale of the y
axis of the histograms was equalized to the highest peak of the curve to
remove the differences due to the different amounts of cells analyzed in
different experiments. Usually, 7000±10,000 cells were scanned in a
single experiment.
Fluorescence microscopy An Olympus IX70 inverted microscope
was used. The cells were grown on glass coverslips, stained, and
observed directly, or trypsinized, coverslipped, and observed in
suspension. For epi¯uorescence microscopy the xenon lamp was
employed as an excitation source. For confocal microscopy, an Olympus
Fluoview scanning unit equipped with an argon±krypton laser at 488 nm
was used. During scanning of carboxy-H2DCFDA-loaded cells we
observed that prolonged (more than 5 s) irradiation with the xenon lamp
or slow scanning with the 488 nm laser line causes probe oxidation and
an artifactual increase in ¯uorescence. To avoid this artifact the cells
were initially brought in focus using standard epi¯uorescence. Then the
epi¯uorescence was switched off and the specimen was moved beyond
the previously illuminated area. A single scan at one focal plane was
obtained and the image was saved for subsequent measuring of
¯uorescence intensity with the Olympus proprietary software. In the case
of scanning of the control and irradiated solutions of carboxy-
H2DCFDA and carboxy-2¢,7¢-dichlorodihydro¯uorescein the microscope
was focused in the middle of the coverslipped ¯uid slab and the 203
objective with larger than optimal pinhole was used in addition to the
403 objective in order to obtain the larger confocal layer thickness. The
results obtained with the 203 objective did not differ from the results
with the 1003 objective.
RESULTS
Redistribution of ganglioside GM1, cholesterol-rich
membrane microdomains in cultured HaCaT cells In the
®rst series of experiments we investigated the presence of
cholesterol-rich microdomains (lipid rafts and/or raft aggregates)
in plasma membrane in cultured keratinocytes. These
microdomains were visualized by ¯uorescence tagging with
FITC-CTx, which selectively binds to ganglioside GM1, a
marker of lipid rafts (Harder et al, 1998; Radhakrishnan et al,
2000). Unattached HaCaT cells in suspension demonstrated a
homogeneous distribution of FITC-CTx ¯uorescence with no
discernible domains (Fig 1A, E). Twenty-four hours after plating a
redistribution of GM1 ganglioside towards cell margins occurred
(Fig 1B, F) and the staining pattern and staining level were similar
in all cells. The FITC-CTx staining pattern changed radically in the
cells that reached con¯uence. Ganglioside GM1 redistributed to the
membrane portions of adjacent HaCaT cells forming junction-like
structures (Fig 1C, D, G). Additionally, there was a speckled
staining of the membranes with a spot size of several microns.
Figure 1. Plasma membrane microdomains
(lipid rafts) in cultured HaCaT cells. (A)±(D)
Confocal microscopy of un®xed, FITC-CTx-
labeled cells: (A) trypsinized cells in suspension;
(B) cells attached to glass; (C), (D) con¯uent cell
cultures. Yellow arrowheads in (C), (D) show
speckled GM1-ganglioside-enriched membrane
domains stained with FITC-CTx; white arrows in
(D) show GM1-ganglioside-enriched membrane
vesicles. (E)±(G) Fluorescence intensity pro®les
along the scanning lines marked with yellow in
(A)±(C). Enrichment of the peripheral part of the
membrane in GM1 ganglioside is marked with
arrows in (F). Note the presence of FITC-CTxhigh
and FITC-CTxlow cells in (C) and (D) and the
formation of junctional lipid structures between
adjacent cells (C, D, G).
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There was a marked heterogeneity in the level of staining: in the
con¯uent sheath of keratinocytes one could discern islands
comprising 5±30 cells with a very high degree of FITC-CTx
staining (FITC-CTxhigh) whereas the surrounding cells
demonstrated a 10±100-fold reduced ¯uorescence (FITC-
CTxlow). Sometimes, in con¯uent cells the FITC-CTxhigh cells
produced cytoplasmic blebbing with a high degree of FITC-CTx
staining (Fig 1G).
Cholesterol depletion with methyl-b-cyclodextrin and
®lipin or treatment with GM1 ganglioside reduce the
baseline and UVA-stimulated ROS synthesis The
con¯uent and noncon¯uent cultures were stained with carboxy-
H2DCFDA to compare the level of unstimulated (endogenous)
ROS synthesis. The 24-h-old cultures containing mostly
noncon¯uent attached single cells demonstrated a homogeneous
population of cells with high carboxy-DCF ¯uorescence (Fig 2);
heterogeneity was observed in con¯uent cultures. Often, as shown
in Fig 2, two subpopulations of cells, one exhibiting a higher
degree of baseline carboxy-DCF ¯uorescence of a level similar to
the noncon¯uent cells and one with an integrated ¯uorescence
approximately a magnitude lower, were present. Sometimes, these
two populations were overlapping and in these cases the carboxy-
DCF histogram peak was broad, spanning at least two magnitudes
of integrated ¯uorescence (see, for example, Fig 4).
A similar pattern was observed after irradiation with UVA.
Noncon¯uent, single cells showed a uniform increase in ¯uores-
cence, whereas two subpopulations or a broad integrated ¯uores-
cence peak was present in con¯uent cells (Fig 2a).
To determine whether the difference in carboxy-DCF ¯uores-
cence between con¯uent and noncon¯uent cells could be correl-
ated with FITC-CTx labeling pattern, the cells were labeled with
carboxy-H2DCFDA, scanned in the confocal microscope, and
restained with FITC-CTx after removal of ¯uorescent carboxy-
DCF. Figure 3 shows that high carboxy-DCF staining was chie¯y
present in FITC-CTxhigh cells.
Methyl-b-cyclodextrin is a cyclic polysaccharide-containing
hydrophobic cavity enabling extraction of cholesterol from
membranes (Radhakrishnan and McConnell, 2000). Therefore,
we investigated whether disruption of cholesterol-enriched
domains with methyl-b-cyclodextrin may alter the baseline
ROS synthesis. A short-term 30 min treatment with methyl-b-
cyclodextrin did not change the FITC-CTx staining pattern and
did not change the gross morphology of cultured cells (not
shown) but dramatically reduced the level of carboxy-DCF
¯uorescence (Fig 4A, B). This ®nding was reinforced by data
showing that cholesterol sequestration with 1 h treatment with
®lipin, a sterol-binding agent (Fagan et al, 2000), or treatment
with ganglioside GM1 had an effect similar to that obtained
with methyl-b-cyclodextrin (Fig 4B).
The oxidation of carboxy-H2DCFDA by UVA1 required a
cellular context as the UVA1 irradiation of PBS solutions of
carboxy-H2DCFDA and the intercellular intermediate carboxy-
2¢,7¢-dichlorodihydro¯uorescein did not result in an appreciable
increase in carboxy-DCF ¯uorescence at the doses used for cell
irradiation. Fluorescence increase was seen after very prolonged
irradiations or even incubations, however, probably due to the
oxidative action of the dissolved oxygen (Fig 2b). As this did not
have any signi®cance for this study we did not further investigate
this phenomenon. Moreover, to exclude the possibility that the loss
of carboxy-DCF ¯uorescence was due to an increased membrane
permeability and probe leakage or/and altered esterase activity in
methyl-b-cyclodextrin- and ®lipin-treated cells a control experi-
ment was performed where the cells were loaded with carboxy-
2¢,7¢-dichloro¯uorescein diacetate and the ¯uorescence was meas-
ured after treatment with both raft-disrupting agents. A small
decrease of ¯uorescence (range 5%±15%, three independent
experiments) was noted in the ®lipin-treated cells but no change
was evident in the methyl-b-cyclodextrin- or GM1-ganglioside-
treated cells. In another control experiment the cellular depletion of
Figure 2. ROS formation in noncon¯uent and con¯uent HaCaT
cells. (a) The cells were cultured for 24 h (noncon¯uent cells, green and
black lines) or 1 wk (con¯uent cells, red and blue lines), loaded with
carboxy-H2DCFDA, and irradiated with 3 J per cm
2 UVA (blue, black) or
sham-irradiated (green, red). The cells were released by trypsinization and
®xed, and the integral carboxy-DCF ¯uorescence was measured by laser
scanning cytometry. Note the presence of a subpopulation of cells showing
lower ¯uorescence in con¯uent cultures (arrows), both before and after
irradiation. (b) Control experiment showing the degree of oxidation of
carboxy-H2DCFDA and carboxy-2¢,7¢-dichlorodihydro¯uorescein in PBS
solution. Twenty microliters of 10 mM or 1 mM (not shown) of each
solution was coverslipped and irradiated with the increasing doses of
UVA1 indicated on the lower x axis (carboxy-H2DCFDA, open circles;
carboxy-2¢,7¢-dichlorodihydro¯uorescein, open squares). The corresponding
times of irradiation are shown on the upper x axis. Other samples were left
in subdued ambient light conditions in which the whole experiment was
performed (carboxy-H2DCFDA, open semicircles; carboxy-2¢,7¢-
dichlorodihydro¯uorescein, open triangles) for the periods of time indicated
on the upper x axis. As a positive control we used the carboxy-H2DCFDA
or carboxy-2¢,7¢-dichlorodihydro¯uorescein solutions incubated for 15 min
in 100 mM hydrogen peroxide (closed square). Additionally, the level of
¯uorescence obtained from unirradiated cells (cells 0J, star) and cells
irradiated with 3 J per cm2 (cells 3J, closed diamond) are plotted. The
irradiated or control slides were scanned in a confocal laser scanning
microscope and the ¯uorescence in the scanned area was measured using
the proprietary Olympus FluoView software. Data show mean values from
three independent experiments (each experiment was performed in
duplicate); whiskers show SD. For clarity some means are shown without
SD; in these instances the SD values were < 7% of the mean.
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cholesterol was reversed by incubation with methyl-b-cyclodex-
trin/cholesterol complexes (Fig 4A, B). These experiments
showed that ROS-mediated oxidation of carboxy-H2DCFDA
was restored in cholesterol-repleted cells.
The above results led us to conclude that basal ROS synthesis in
HaCaT cells depends on the integrity of cholesterol-rich domains
in the plasma membrane. To investigate whether this is also true for
ROS synthesis induced by UV the same line of experiments was
executed in the carboxy-H2DCFDA-loaded, UVA-irradiated cells.
As shown in Fig 3(C) UVA-induced ROS synthesis was increased
in FITC-CTxhigh cells. ROS synthesis could be blocked by
methyl-b-cyclodextrin, GM1 ganglioside, and ®lipin and was
restored after cholesterol repletion in methyl-b-cyclodextrin-
treated cells (Fig 4C, D).
DISCUSSION
Results of this study show that cholesterol- and GM1-ganglioside-
rich membrane domains (lipid rafts and raft aggregates) are present
in the cultured keratinocyte cell line HaCaT and that they are
rearranged during cell culturing. FITC-CTx staining showed that
nonadherent cells in suspension do not demonstrate any discernible
membrane domains. Upon attachment and cell spreading a
peripheral staining of the membrane was seen whereas in con¯uent
cells a strong patched and junctional labeling of the plasma
membrane was noticed.
Formation of cholesterol-enriched raft-like domains between
adjacent adherent cells has not been explicitly reported previously.
In the paper of ManÄes et al (1999), however, who examined the
Figure 4. Effect of lipid raft integrity on
intracellular ROS synthesis in HaCaT cells.
Con¯uent cells were loaded with carboxy-
H2DCFDA and sham-irradiated (A, B) or
irradiated with 3 J per cm2 UVA (C, D). Before
irradiation the structure of the rafts was disrupted
with different concentrations of methyl-b-
cyclodextrin, ®lipin, or GM1 ganglioside. Cells
depleted of cholesterol with methyl-b-
cyclodextrin were repleted by incubation with
cyclodextrin/cholesterol. (A), (B) Representative
histograms of carboxy-DCF ¯uorescence: green
lines, control; red lines, effect of cholesterol
depletion with 1% cyclodextrin; black lines, effect
of cholesterol depletion and repletion with 1%
cyclodextrin/cholesterol; blue line in (C), sham-
irradiated cells. (B), (C) Mean (+ SD) carboxy-
DCF ¯uorescence in all experimental groups. *p
< 0.001 in comparison with the control, t test.
Figure 3. Relationship between FITC-CTx
staining and ROS synthesis in con¯uent
HaCaT cells. The cells were loaded with
carboxy-H2DCFDA and sham-irradiated (A) or
irradiated with 3 J per cm2 UVA (B). Then the
carboxy-DCF ¯uorescence representing ROS
synthesis was visualized with confocal microscopy
(green color). Scanned cells were ®xed with
paraformaldehyde and permeabilized in methanol,
which led to the complete loss of carboxy-DCF
due to diffusion through the membranes. The
cells were stained with FITC-CTx and re-scanned
in the confocal microscope. GM1-ganglioside-rich
domains are visualized with red color. The images
were exported to Adobe Photoshop and overlayed
using the ``Multiple'' mode in ``Layers''. (C)
Quantitative assessment of carboxy-DCF
¯uorescence in FITC-CTxhigh (solid) and FITC-
CTxlow (open) cells. The cells were prepared as
for (A), (B). Mean ¯uorescence (n = 50 cells)
with SD/100 mm2 cross-sectional surface of the
cell are plotted. There was a statistically signi®cant
difference (*p < 0.0001, Mann±Whitney test) in
carboxy-DCF ¯uorescence between FITC-
CTxhigh and FITC-CTxlow cells.
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importance of lipid rafts for cell mobility, one can notice an
enhanced FITC-CTx staining in the contact regions between two
adjacent breast MCF-7 adenocarcinoma cells. It is therefore likely
that membranes of adherent cells are enriched in raft structures that
probably form a platform for membrane proteins involved in cell±
cell communication.
Cholesterol-rich blebs were sometimes observed in the raft-
enriched regions, which, in accordance with theoretical predictions
(Radhakrishnan and McConnell, 2000; Radhakrishnan et al, 2000),
is probably a morphologic manifestation of an increased cholesterol
activity. The importance of raft structures for epidermal biology,
cholesterol metabolism, and lipid barrier formation may be
fascinating areas of future studies.
The major ®nding of this study is evidence suggesting that lipid
rafts are crucially involved in the regulation of oxidative stress in
keratinocytes. First, both the baseline and UVA-induced synthesis
of ROS tended to be higher in cells with well-developed raft
structures (FITC-CTxhigh). Second, ROS synthesis was dramatic-
ally reduced in cells in which rafts were disrupted with methyl-b-
cyclodextrin, ®lipin, or exogenous ganglioside GM1. Third, ROS
response was restored by replenishment of cholesterol in cells
treated with methyl-b-cyclodextrin. The limitation of the meth-
odology chosen for ROS assay (oxidation of the ¯uorescent probe
carboxy-H2DCFDA) does not allow us to determine which type of
free radical is regulated via rafts. Our experience with this probe in
HaCaT cells indicates that both at the baseline and after UVA
irradiation carboxy-H2DCFDA is mainly oxidized by H2O2
(Gniadecki et al, 2001). There is possibly a signi®cant contribution
from other types of radicals, however, such as NO derivatives or
even singlet oxygen. There is a theoretical danger that carboxy-
DCF production after UVA1 irradiation does not re¯ect
endogenous ROS synthesis but rather a photochemical reaction
in which the intracellularly trapped carboxy-2¢,7¢-dichlorodihy-
dro¯uorescein acts as a photosensitizer and is directly oxidized by
UVA in the presence of oxygen. Data exist demonstrating that
2¢,7¢-dichloro¯uorescein can be photoreduced by visible light into
a semiquinone-type free radical, which may further be regenera-
tively oxidized by oxygen into superoxide (Marchesi et al, 1999).
We consider this possibility unlikely in view of the fact that 2¢,7¢-
dichlorodihydro¯uorescein and 2¢,7¢-dichloro¯uorescein absorb
poorly in the UVA1 range (Molecular Probes Handbook, available
on web site http://www.probes.com) and in view of the inability
of UVA1 to induce appreciable carboxy-DCF ¯uorescence in both
2¢,7¢-dichlorodihydro¯uorescein and carboxy-H2DCFDA.
Although not directly addressed in this study, we brie¯y discuss
the possible molecular mechanism by which rafts modulate
intracellular ROS synthesis. The ®rst issue to be resolved is
whether the lipid component (e.g., higher chemical activity of
cholesterol) or instead the raft- compartmentalized proteins are
involved in the generation of ROS. The ®nding that exogenous
GM1 ganglioside reduces ROS levels supports the latter notion. In
contrast to methyl-b-cyclodextrin and ®lipin, which primarily
target cholesterol, GM1 ganglioside causes a dissociation of proteins
from rafts (Simons et al, 1999). Some signaling proteins (such as
EGF and PDGF receptors, Ras, Rac, phosphatidylinositol 3-
kinase) seem to be able to form complexes with membrane oxidases
and thus induce H2O2 as a second messenger (Pennisi, 1997;
Schlessinger, 2000). If such membrane-bound oxidase complexes
exist, it is conceivable that they become active and produce ROS
when segregated to rafts. ROS synthesized at plasma membranes
may be involved in the ampli®cation of oxidative stress, e.g., via the
recently described positive feedback loop involving mitochondrial
permeability transition pores (so-called mitochondrial ROS-
induced ROS release) (Zorov et al, 2000; Gniadecki et al, 2001).
Alternatively, changes in membrane ¯uidity by oxidative processes
could alter the activity of oxidases, as shown recently for
mitochondrial membranes (Ricchelli et al, 1999). Further progress
in the understanding of the cellular regulation of oxidative stress
may lead to novel therapeutic interventions relevant for photo-
protection and cutaneous oncology.
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